INTRODUCTION
It is well known that there is considerable genetic variation in natural populations of Drosophila. Genetic variation in natural populations is the source of biological evolution. Numerous investigators have studied and 1) present address : School of Medicine, Nagasaki University, Nagasaki, Japan.
surveyed these polymorphic genetic variations such as visible mutants, chromosome rearrangements, lethality, sterility, and polymorphisms at protein or DNA level as well as those with respect to fitness or fitness components.
In this series of experiments we surveyed the genetic variability of allozymes, regulatory genes and other types of genetic variation to determine which are responsible for the adaptive evolution of organisms. We did this by using a large number of isogenic lines extracted from two natural populations of Drosophila from Japan.
In this paper, the results obtained concerning allelic to gametic frequency, analysis of several genetic parameters, such as enzyme or protein polymorphisms, lethal genes, sterility genes and inversion frequency on the second and third chromosomes of Drosophila melanogaster are discussed in relation to the neutral hypothesis (Kimura 1968 ). In the second paper (Yamazaki and Hirose 1984) , it will be reported that there is much genetic variation with respect to net fitness and its components. Their relationship with each other is discussed. In the following two papers it will be shown that there is also genetic variation of the inducibility of amylase in natural population of D. melanogaster, and that the polymorphisms of these regulatory genes are responsible for the differences in fitness between different strains (Yamazaki and Matsuo 1984; Matsuo and Yamazaki 1984) .
MATERIALS AND METHODS

Establishing strains:
The flies used in this experiment were collected at Akayu in Yamagata prefecture and Tanushimaru in Fukuoka prefecture in Japan, in the fall of 1977. 430 second and third chromosomes were extracted simultaneously by multiple inversion techniques with Cy/Pm, Sb Ser/Pr (or In(2LR)SM1/In(2LR)bwvl;
In(3LR) TM3/Pr) from the Akayu population and 350 chromosomes from the Tanushimaru population. The lines were kept homozygous whenever possible. If a line carried a lethal or a sterile gene in any of the above two chromosome, it was maintained in heterozygous condition with marked balanced chromosome.
Cytological observations: Males from each of the isogenic lines were crossed with cn bw (cinnabar brown) females which had the standard gene arrangement in both the second and third chromosomes. The F1 third instar larvae were dissected and the salivery gland chromosomes were examined.
Sterility and lethal chromosomes: Lethal genes-carrying chromosomes were surveyed by counting wild type progeny from the cross between 5 brother and. 5 sister flies heterozygous for both the second and third marker chromosomes. If the number of wild type flies was less than 105 of the expected number, they were judged to have lethal chromosomes. The same cross was repeated once to check the results of this experiment.
The frequency of sterility carrying chromosomes was determined by crossing 5 homozygous males (or 5 homozygous females) to 5 flies of the opposite sex, from the marker stock. If no progeny emerged, they were classified as sterile. These tests were done on each chromosome separately.
Electrophoresis:
The following five enzyme loci on the second chromosome were studied: a-Glycerophosphate dehydrogenase (ce-GPDH, map position 2-20.5), Malate dehydrogenase (MDH, map position 2-37.2), Alcohol dehydrogenase (ADH, map position 2-50.1), Hexokinase-C (HEX, map position 2-74.5) and a-Amylase (AMY, map position 2-77.7). On the third chromosome the six enzyme loci in addition to Protein-3 (PT-3, map position unknown) were examined: Esterase-C (EST-C, map position 3-49.0), Octanol dehydrogenase (ODH, map position 3-49.2), Xanthine dehydrogenase (XDH, map position 3-52.4), Acid phosphatase (ACPH, map position 3-101.4), Esterase-6 (EST-6, map position 3-36.0) and Phosphoglucomutase (PGM, map position 3-43.4). Linkage relationships of these loci as well as those of 4 polymorphic inversions (In (2L) t, In(2R)NS, In(3L)P, and In(3R)P) are shown in Fig, 1 .
AMY, XDH, PT-i, PT-2, PT-3, PT-4, and PT-5 loci were examined by poly-acrylamid gel electrophoresis (Prakash et al. 1969) . All other enzyme loci were surveyed by starch gel electrophoresis (Stone et al. 1968) .
The amylase loci in Drosophila melanogaster are comprised of two tandemly duplicated loci which are tightly linked. The two loci, therefore, can not be distinguished from each other and gametic types instead of allelic types are shown in Table 1 and 2. In addition to extremely polymorphic AMY loci, XDH and ODH also have more than two alleles. However, the difference in electrophoretic mobility between alleles of XDH is very delicate as in the case of the same locus in D, pseudoobscura (Prakash et al. 1969 ) and some ambiguity exists in the identification of the alleles.
Linkage disequilibria:
The amount of linkage disequilibrium (the non-random association of non-allelic genes) was measured using two different indices, x2 and L (Yamazaki 1973 (Yamazaki ,1977 . In this study almost all the data were analyzed by a two allele system. If there are more than two alleles in a locus, they were grouped in two (the allele with the largest frequency and the rest).
Assuming that each of the two loci A, B, has multiple alleles. Let pi =frequency of alleles Ati (i=1, 2, ... , n) qk = frequency of alleles Bk (k =1, 2, ... , m)
Assuming that symbols are assigned so that m > n and the alleles at each locus are numbered in order of decreasing frequency. Let pik be the frequency m of chromosome AiBk (pti = ptik).
k=1
We define linkage disequilibrium by
L takes its maximum value, 1 and minimum value 0. The range of ,y2 is between 0 and N. If there are only two alleles at each locus, the direction or sign of linkage disequilibrium often become meaningful. For two alleles at each locus L can be expressed as follows, assuming that the number of sampled gametic type, A1B1, A1B2, A2B1, A2B2 be a, b, c, d, respectively. Average heterozygosities were relatively high compared with other natural populations of Drosophila melanogaster. The average heterozygosity was 0.159 in Akayu, and 0.181 in the Tanushimaru population.
The heterozygosity of PT-3, PGM, and ADH was very high (more than 0.4) in the Akayu population. In the Tanushimaru population XDH in addition to the above three loci, was also high at 0.45. The same 6 loci (ACPH, PT-1, PT-2, PT-J, PT-5, and MDH) were monomorphic in both populations, though one more locus, HEX was monomorphic in the Akayu population. The proportion of polymorphic loci was 0.56 (9/16) in the Akayu and 0.63 (10/16) in the Tanushimaru if heterozygosity >0.05 were used as the criteria of a polymorphic locus. Table 1 . Allele frequencies of 16 allozyme loci in the Akayu population * : The bandmorph was numbered from cathode to anode . Namely, allele (1) is the nearest to the origin and allele (8) is the fastest moving band toward the anode. ** : Heterozygosity was defined as 1-Xti2 , where Xti is the frequency of ith allele, and n is the number of alleles segregating at the locus. ***: The relative mobilities of AMY gametic types (1) , (2), --, (8), are 0.87-0.68,1.00-0.68, 1.00-0.80,1.00-0.87, 0.92,1.00-0.98, 0.99, and 1.00, respectively.
Inversions: The results of polymorphic inversion surveys in these two populations are shown in Table 3 . Universal polymorphic inversions, In(2L)t, and In(2R)NS on the second chromosome were both present in the Japanese populations: 0.188 and 0.115 in the Akayu population, 0.106 and 0.049 in the Tanushimaru population. The frequency of these inversions was a little lower in the Tanushimaru population than that from Akayu. On the third chromosome the frequency of inversions was lower; In (3 L) P frequency was 0.01 in the Akayu, and 0.04 in the Tanushimaru population. In (3R) P was 0.107 and 0.052 in the Akayu and the Tanushimaru populations respectively. In the Akayu population In(3R) C was 3.4%, but zero in the Tanushimaru population. The frequency of each unique inversion was about 1 % (see Table 3 ). Overall frequency of unique inversions (all unique inversions combined) was 0.02 (8/369).
The Akayu population was more polymorphic than the Tanushimaru population. In the Akayu population, the frequencies of homokaryotic individuals for each of the chromosome arms were 2L: 0.637, 2R: 0.796, 3L: 0.984 and 3R: 0.754. The respective values in the Tanushimaru population were 0.798, 0.893, 0.915, and 0.873. The frequencies of homokaryotic individuals in both of the chromosomes were 0.395 in the Akayu, and 0.569 in the Tanushimaru population, Lethal: In Table 4 , the frequency of lethal-carrying chromosomes is shown. The frequencies of lethal-carrying second chromosome were different between the Akayu and the Tanushimaru populations: 0.315 in the Akayu and 0.182 in the Tanushimaru.
The frequencies of the third chromosome lethals were not so different between the two pupulations: 0.327 and 0.305 in the Akayu and the Tanushimaru, respectively. The frequency of lethal-free lines in any of the two chromosomes was 0.48 (173/360) in the Akayu population and 0.59 (103/174) in the Tanushimaru population.
Sterility:
The results of sterility tests are shown in Table 5 . Frequencies of female-sterile 2nd and 3rd chromosomes in the Akayu population were 0.127 Table 5 was lower than that of lethal gene, it does not necessarily indicate that this feature is true in nature. Sterility data could be obtained only from the lethal-free strains since no homozygous flies could be obtained from lethal-carrying chromosomes. If lethal-carrying chromosomes tend to be sterile in homozygous condition and if sterility can be tested in lethal-carrying chromosomes, the frequency of sterility should be higher than the value in the table.
Linkage disequilibria: ficant deviation was obtained between ODH-PGM (x2 = 6.74) . This significance comes from the results in the Akayu population. No deviation from randomness was observed in the Tanushimaru population. XDH-PGM was significant at the 5 % level only in the Tanushimaru population. The significant deviation obtained in XDH-PT-3, and XDH-PGM may be trivial considering the lack of significance of the combined data or 5 % level significance, only in one of the two populations, and the direction of linkage disequilibrium reversed in the first two combinations in each of the two populations. In the case of ODH-PGM the significant linkage disequilibrium may be meaningful since the significance level was high (P<0.01) using combined data, and the direction of association was the same in all three cases. Negative L values indicate the number of repulsion gametes are greater than expected.
Among 20 combinations between allozyme loci and polymorphic inversions, three combinations showed significant deviation from randomness in the combined data: x a. f, =1=131.4 and L = +0.36 between ADH and In(2L)t, X2= 4.54, L = -0.01 between AMY and In(2R)NS, and x2=5.43, L = -0.015 between GPDH and In(2R)NS (Table 7) . Only in the case of ADH-In (2L) t, x2 values were highly significant in any of the two populations analyzed separately (x2 = 77.79 in the Akayu, and x2 = 52.03 in the Tanushimaru population). Between AMY and In(2R)NS significant values were obtained only in the combined data though the sign of linkage disequilibrium was the same in both populations (L = -0.011 in either the Akayu or Tanushimaru population). Between a-GPDH and In(2R)NS, the direction of linkage disequilibrium was also the same in all cases though not significant in the Tanushimaru population. These results are understandable since ADH is located just outside of In(2L)t. Between a-GPDH and In (2L) t recombination is possible with low frequency by double crossing over within the inversion. Significant linkage disequilibria between In (2L) t and each of ADH, a-GPDH were also obtained in the Akayu population. Between the two polymorphic inversions on the second chromosome no deviation from random combinations were observed (x2 = 0.79, L = -0.0021). We obtained the similar results with the third chromosome loci or inversions.
Significant linkage disequilibria were not obtained between two polymorphic inversions in either of the two chromosomes.
Data on statistical association among lethal genes and sterility genes on chromosome 2 or 3 are not shown in Table 8 . Two combinations (2 sterility -2 sterility , and 3 sterility and 3 sterility) were highly significant (x2=7.32 (L = + 0.055), and x2 = 37.30 (L = + 0.247), respectively).
The result supports the conclusion that most of the genes responsible for sterility and sterility are the same (though we at first thought that different genes were responsible for the sterility of different sexes considering the quite different behaviour between sexes concerning the fertility).
These genes are pleiotropic. One Linkage disequilibrium 43 Table 7 . Linkage disequilibrium between polymorphic allozyme loci and inversions or between polymorphic inversions in two Japanese populations in Drosophila melanogaster more significant x2 value (5% level) was obtained between the second lethal and the third sterility chromosomes. It is likely that this significant result was observed by random drift in the natural population or by sampling error, considering that all the other combinations were not significant. We therefore conclude that the distribution of sterility genes and lethal genes is almost random. We think that the effect of mutator factors, which seem to be fairly common in natural populations (Yamaguchi and Mukai 1974; Kidwell et al. 1977) , are negligible. If mutators or similar factors worked at the time of chromosome extraction, we would have found simultaneous occurence of sterility or lethality in the same lines, namely linkage disequilibrium. Therefore, the frequency of mutants (including allozymes, sterility, lethality, and inversions) we obtained must be a reflection of those in natural populations.
DISCUSSION
The amount o f Polymorphism:
The results obtained in this study, were not essentially different from those obtained by other investigators (Kojima et al. 1970; Prakash et al. 1969; Ayala et al. 1974; Langley et a1.1974) . The amount of allozyme polymorphisms were however quite high in these two Japanese populations. The average heterozygosities of 16 allozyme loci were 0.160 in the Akayu population and 0.181 in the Tanushimaru population. It is difficult to determine the maintenance mechanism of allozyme polymorphisms just from the level of heterozygosity, since there are too many unknown parameters which influence the amount of polymorphisms in natural populations. Such factors as mutation rate, population size, migration, and selection coefficient are difficult to measure, although the amount of heterozygosity is predicted under the neutrality of alleles with respect to fitness as 4Neu f (4Neu + 1) under some simplified assumptions (Kimura and Crow 1964) . However, the comparison of heterozygosities between diploid organisms and haploid organisms give a rough indication to the maintenance mechanisms of these polymorphism.
A recent report (Yamazaki 1981 (Yamazaki , 1984 on Conocephalum conicum, a haploid liverwort, showed that the amount of heterozygosity was almost the same between the two different organisms (0.171 in D, melanogaster (the average of the Akayu and Tanushimaru population) and 0.167 in the liverwort).
There are also other reports indicating that the amount of heterozygosity of haploid organisms is not of a different order to that from diploid organisms (Milkman 1973; Spieth 1975) . It can be concluded from these comparisons that diploidy itself has little role in the maintenance of heterozygosity in natural populations. The simplest and most likely interpretation of these results is that allozyme polymorphisms are neutral or nearly neutral with respect to fitness, and are mainly maintained by the balance between mutation and selection.
The degree of genetic differentiation between populations was also examined by obtaining the genetic identity (Nei 1972) at each gene locus. The genetic identity (I) over 16 allozyme loci was 0.99 in Drosophila melanogaster. The other data of Drosophila melanogaster also showed a similar value for I = 0.98 --0 .99 among different populations from Japan (Yamazaki unpublished data).
These values were not different from those of the two populations of Conocephalum conicum, (I = 0.99, Yamazaki 1984) . These data of genetic differentiation between populations also support the assumption that allozyme polymorphisms are neutral or nearly neutral with respect to fitness since it is known that neutral loci are easily kept from being differentiated by a small amount of migration between populations (Maruyama and Kimura 1974) .
Out of 21 combinations between allozyme loci only one combination, that between ODH-PGM, was highly significant. Considering that it is not significant in the Tanushimaru population, it is doubtful that the significant linkage disequilibrium between ODH-PGM is real in natural populations. The fact that significant linkage disequilibria often disappear after a short period (Mukai and Voelker 1977; Yamaguchi et al. 1980) , may be indicative that this significance also may be due to a sampling error or random drift, although the possibility of selection cannot be completely excluded. Between allozyme and polymorphic inversions, the amount of linkage disequilibria was examined in 20 combinations. Very strong association was found between In (2L) t and ADH. A weaker association was found between AMY and In(2R)NS, and between ADH and In(2R)NS.
Our results were essentially similar to those obtained by , Mukai and Voelker (1977) . It appears that linkage disequilibria are found only between inversions and tightly linked allozyme loci, probably because practically no recombination occurs between them. These results are apparently different from what is expected, under the selection of overdominance with tight linkage. Franklin and Lewontin (1970) showed by Monte Carlo computer simulation, that strong linkage disequilibrium was produced under overdominance, with respect to fitness with independent gene action. These results were also confirmed by other investigators (Slatkin 1972; Yamazaki 1977) . In addition, super-gene can be produced under the frequency dependent selection (minority advantage) (Yamazaki 1974) and under variable selection (Yamazaki and Maruyama 1979) . Strong linkage disequilibrium is produced much more easily under a spatially variable selection model, than with a temporal model. However, Yamazaki (1977) showed that the amount of linkage disequilibrium which was produced by overdominant selection with finite population size, rapidly decreased as population sizes increased and that the time required to reach stable linkage disequilibrium became substantially longer. It was also found that the formation of linkage disequilibrium became more difficult as the number of alleles present in a population increased, even if the selection coefficient remained the same. Linkage disequilibrium is most easily produced under the 2 allele system. In natural populations, there are many loci which have more than two alleles such as AMY and XDH. It is possible that most polymorphic loci are of a multiple allele system and that there are many hidden alleles which can't be detected by ordinary electrophoretic techniques (Singh et al. 1975) . If these findings are taken into consideration, we realize that data of linkage disequilibria in natural population alone, especially with no linkage disequilibria, cannot rule out the possibility of weak overdominance or other type of balancing selection. Considering that little linkage disequilibrium was produced by weak selection as well as large population size and multiple alleles, we examined the possibility of the presence of weak balancing selection by checking the direction of linkage disequilibrium as described by . There are two types of natural selection models which can predict the direction of linkage disequilibria even if the gene actions between loci are independent (Langley and Crow 1974; Yamazaki 1977) .
According to Langley and Crow (1974) negative linkage disequilibrium was obtained under a reasonable selection model such as double mutant homozygote being less fit than the product of single mutant homozygotes, in addition to overdominance or other balancing selection. In this model the predominant allele at the first locus tends to associate with minor alleles at the second locus by a balancing selection with synergistic interaction.
The results of computer simulation clearly showed that coupling or positive linkage disequilibrium was produced under the frequency dependent selection (Yamazaki 1974) . In this case, the predominant allele at the first locus associated with predominant allele at the second locus. Thus predominant or minor chromosomes, instead of alleles, tend to become the units of selection by natural selection. Since allele types are classified in two, predominant allele and the rest in the Table 6 , 7, we can test this hypothesis just by comparing the sign of the linkage disequilibrium.
Out of 42 combinations involving allozyme loci on the two major autosomes in this study, the number of positive linkage disequilibria was 14 (33%) and negative 28 (67%) (see Table 8 ). If it is assumed that these 42 combinations are independent (though they actually are not), the probability of obtaining larger deviation than 28:14 by chance is less than Table 8 contains the data of several other investigators as well as those of the present study. Using all the data by other investigators Langley and Ito 1977; Yamaguchi et al. 1980 ) as well as our data, 51 combinations out of 123 were negative (L <0) . No significant deviation from randomness with respect to the sign of linkage disequilibrium was obtained, though negative values tended to be predominant (x2 = 3.25). Using the data involving polymorphic inversions there seems to be clear tendency that the sign of linkage disequilibrium is negative. Using the data of present study 16 combinations out of 52 was positive (x2 = 6.9, significant at the 1 % level). If we add all the data by other investigators to those from this study, 35% was positive (53/150). The deviation from randomness was highly significant (x2 =12.33) . Since each sample point probably is not independent due to migration or some other factors, the exact significance level must be lower. It appears that the repulsion type gametes (with respect to allele frequency at each locus) are greater in number than expected. The lack of positive association among combinations involving allozymes or inversions clearly suggests that the frequency dependent selection with minority advantage is not a major selection force maintaining allozyme or inversion polymorphisms.
The presence of negative association among combinations involving inversions indicates that some forms of gene interaction are working between inversions or between inversions and allozymes. The possibility of linkage disequilibrium with unknown genes such as regulatory genes can not be denied. Further experimental work need to be done to clarify these points.
